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In Brief
Min et al. uncover that myoinhibitory peptide and myoinhibitory peptide neurons in the brain are important for shaping feeding motivations and maintaining body weight in Drosophila. Like the pro-opiomelanocortin pathway in mammals, silencing myoinhibitory peptide neurons increases feeding activity and body weight drastically.
SUMMARY
Although several neural pathways have been implicated in feeding behaviors in mammals [1] [2] [3] [4] [5] [6] [7] , it remains unclear how the brain coordinates feeding motivations to maintain a constant body weight (BW). Here, we identified a neuropeptide pathway important for the satiety and BW control in Drosophila. Silencing of myoinhibitory peptide (MIP) neurons significantly increased BW through augmented food intake and fat storage. Likewise, the loss-offunction mutation of mip also increased feeding and BW. Suppressing the MIP pathway induced satiated flies to behave like starved ones, with elevated sensitivity toward food. Conversely, activating MIP neurons greatly decreased food intake and BW and markedly blunted the sensitivity of starved flies toward food. Upon terminating the activation protocol of MIP neurons, the decreased BW reverts rapidly to the normal level through a strong feeding rebound, indicating the switch-like role of MIP pathway in feeding. Surprisingly, the MIP-mediated BW decrease occurred independently of sex peptide receptor (SPR), the only known receptor for MIP, suggesting the presence of a yet-unknown MIP receptor. Together, our results reveal a novel anorexigenic pathway that controls satiety in Drosophila and provide a new avenue to study how the brain actively maintains a constant BW.
RESULTS AND DISCUSSION
To identify a neural pathway critical for body weight (BW) control in Drosophila, we conducted a genetic screen using neuropeptide (NP)-GAL4 lines (Table S1 ). In this screen, we silenced subsets of NP neurons by combining each of 23 NP-GAL4s and UAS-tetanus toxin (UAS-TNT) [8] and measured BW of adult males and females separately ( Figure 1A) . In our initial screen, MIP-GAL4 elicited significant BW increases in both sexes when crossed with UAS-TNT ( Figure 1A) . MIP-GAL4 fly line carries 7.2-kb-long 5 0 upstream regulatory region of mip (Figure 3A) . In Drosophila, mip encodes five mature peptides (MIP1-5) that are closely related to one another [9, 10] . Intriguingly, some myoinhibitory peptides (MIPs) have N termini similar to vertebrate galanin, a NP previously implicated in feeding regulation [11, 12] .
Flies carrying MIP-GAL4 and UAS-TNT (henceforth MIP>TNT) had enlarged abdomens and displayed 20%-30% BW increases in both sexes when compared to controls expressing an inactive form of TNT (MIP>impTNT) or either GAL4 or upstream activating sequence (UAS) transgene alone (Figures 1B, S1A, and S1B). The BW increase in MIP>TNT flies became evident as early as 1 day after eclosion, peaked within 5-10 days, and became stable thereafter ( Figure 1C ). Because the BW of MIP>TNT flies immediately after eclosion (day 0) was not different from that of controls, it was unlikely that silencing MIP neurons increased BW simply by promoting growth during development. Consistent with this idea, there was no difference between MIP>TNT and controls in the body length [13, 14] and wing length [15] shortly after eclosion (Figures S1C and S1D ). Furthermore, we examined whether adultspecific silencing of MIP neurons increases BW by combining tub-GAL80 ts that encodes a ubiquitously expressing temperature-sensitive GAL80 [16] with either MIP>TNT or MIP>impTNT. At the restrictive temperature, 30 C, GAL80 ts ceases to suppress GAL4 activity and TNT becomes expressed in MIP neurons. When incubated at 30 C, MIP>TNT flies carrying tub-GAL80 ts were significantly heavier than controls, whereas those kept at 18 C were not ( Figure S1E ). These results indicate that temporal silencing of MIP neurons in adult is sufficient to increase BW.
BW increase of MIP>TNT flies accompanied larger and heavier abdomens compared to controls ( Figures 1B and S1F ). Because the abdominal fat body is a major tissue for fat accumulation in flies [17] , we performed Nile red staining and observed denser layers of fat body cells in the abdomens of MIP>TNT flies compared to controls ( Figure S1G ). This result was further confirmed by biochemical measurements of triglyceride (Figure 1D) . Additionally, we found MIP>TNT flies survived twice longer than controls in the absence of food ( Figure 1E ), indicating that the accumulated fat indeed serves as energy reserves. Fat storage is primarily modulated by food intake and metabolism [18, 19] . To quantify food intake, we used the CAFE [20] and a dyed-food assay. In these independent assays, MIP>TNT flies ate twice as much as controls ( Figures 1F and S1H) . Interestingly, the BW increase in MIP>TNT flies was evident in ad libitum, but not in a restricted feeding condition (see Experimental Procedures for details), attributing the BW phenotype to the elevated food intake ( Figure 1G ). Next, we wondered whether activating MIP neurons could make flies lose BW. To activate MIP neurons, we incubated flies expressing the warmth-activated cation channel TRPA1 [21] in MIP neurons at 30 C (MIP>TRPA1). When kept at 18 C, MIP>TRPA1 flies showed no obvious BW change compared to controls ( Figure 1H , left). In contrast, 72 hr after incubation at 30 C, MIP>TRPA1 flies exhibited marked loss of BW ($30%) in both sexes ( Figure 1H , middle). Together with the BW loss, MIP>TRPA1 flies showed leaner abdomens with less fat tissue ( Figure S1I ) and triglyceride level ( Figure 1J ) than controls. Remarkably, the BW loss of MIP>TRPA1 flies was completely reversed upon termination of MIP neuron activation by transferring the flies back to 18 C for 72 hr ( Figure 1H, right) . Subsequently, we monitored feeding activities using the CAFE assay before, during, and after MIP neuron activation. For this assay, we measured food intake every 24 hr when we changed the capillaries. Before activation, MIP>TRPA1 flies and control flies showed no difference in food intake ( Figure 1I , left). When incubated at 30 C, MIP>TRPA1 flies ingested $70% less food than controls ( Figure 1I , middle). However, when they were transferred back to 18 C, MIP>TRPA1 flies exhibited a pronounced feeding rebound, $70% more food intake than controls (Figure 1I, right) . The suppressed food intake by MIP neuron activation was also discernable in the dyed-food assay ( Figure S1J ).
We visualized MIP expression in the CNS using three independent tools: anti-MIP antibody; MIP mRNA in situ hybridization; and MIP>mCD8GFP labeling (Figures 2 and S2 ; see Table S2 ). Anti-MIP antibody visualized about 70 neurons, some of which appear to innervate brain structures important for sensing food including the antennal lobe (AL) and subesophageal zone (SEZ) ( Figure 2E ; Table S2 ). The anti-MIP antibody labeling in the CNS was completely abolished in mip-null mutants, indicating high selectivity of this antibody (see Figure 3B ). Using MIP mRNA probe, we confirmed that 52 MIP-immunoreactive neurons were positive for MIP mRNA (Figures 2A, 2D , and S2A; see Figure 2E and Table S2 for summary). We next stained the CNS and the gastrointestinal tract of MIP>mCD8GFP flies using anti-MIP antibody ( Figures 2B, 2C , S2B, and S2C). The MIP-GAL4-driven GFP occurred in most MIP-immunoreactive neurons except 14 pairs (green and gray circles in Figure 2E ; see Table S2 ). Consistently, MIP-GAL4-driven MIP-RNAi eliminated most anti-MIP antibody labeling in the brain and elicited marked BW increase (Figures S2D and S2E) . We also noted significant numbers of ectopic MIP-GAL4 cells in the CNS and the midgut lacking either anti-MIP antibody or MIP mRNA labeling (empty circles in Figure 2E ; see Figure S2C ).
To further define the subsets of MIP neurons responsible for BW regulation, we combined subset-specific GAL80s with MIP>TNT and found that inclusion of Cha-GAL80 [22] fully suppressed the BW phenotype of MIP>TNT flies ( Figure 2F ). Subsequently, we mapped Cha-GAL80-positive MIP cells by comparing GFP labeling of MIP>mCD8GFP flies with and without Cha-GAL80. Cha-GAL80 suppressed GFP labeling in groups of MIP-GAL4 neurons in the CNS with varying strengths (Figures 2G and 2H) , whereas it failed to do so in the midgut (Figure S2F) . We focused our analysis on authentic MIP neurons expressing both MIP and MIP mRNA, because mip was found essential for normal BW according to mutant analyses described below. Among $42 authentic MIP neurons positive for MIP-GAL4, we noted only one subset named as inferior anterior medial (IAM) manifested a reproducible suppression of GFP labeling ( Figure 2I ; Table S2 ). Thus, we speculate that the IAM neurons are critical for BW regulation.
Having shown that MIP neurons regulate food intake and BW, we next asked whether MIP is also necessary. We generated a null allele of mip (mip 1 ) by replacing the entire coding sequence of mip with the mini-w + cassette (Figures 3A and 3B) . We found that mip-null mutants were 13% heavier and consumed 25% more food compared to controls (Figures 3C and 3D) . The abdominal fat storage was also increased in mip-null mutants compared to controls (Figures 3E and 3F ). These phenotypes of mip-null mutants were rescued by restoring mip expression using MIP-GAL4 (Figures 3E and 3F) . Remarkably, activating MIP neurons in mip-null mutants could not reduce BW, whereas the same manipulation reduced BW by 20% in the flies with intact mip ( Figure 3G , the fourth and seventh bar), indicating that MIP is required for MIP neuron-mediated negative regulation of BW. Nevertheless, we noted that the magnitude of BW increase observed in mip mutants was approximately 50% of what we observed in MIP>TNT flies, raising a possibility that the ectopic MIP-GAL4 neurons independent of MIP attribute to the residual BW increase (see Figure 2E) .
To further understand how MIP regulates feeding activity and BW, we examined the only known MIP receptor, sex peptide receptor (SPR) [23, 24] , in BW regulation. To our surprise, unlike mip mutants, the SPR-deficient mutant (spr
) showed no sign of BW increase compared to controls ( Figure 3G , the fifth bar). Furthermore, activating MIP neurons could still reduce BW in spr À/À flies to the same degree as in controls ( Figure 3G , the eighth bar). These observations indicate that SPR does not likely mediate MIP actions relevant to BW control, suggesting the presence of at least one additional receptor for MIP. Silencing MIP neurons and mip gene expression led to obesity mainly by making flies increase their feeding. We thus wondered whether MIP activity is associated directly with feeding motivation and performed T-maze assay in which flies were given a choice between food odor and no odor ( Figure 4A ). When flies became hungry, they were readily attracted to food odor [25, 26] . We observed that MIP>TNT flies became attracted to various food odors more strongly than controls ( Figure 4B ). Similar results were obtained from mip mutant flies ( Figure 4C ). Furthermore, restoring mip expression in the mutant suppressed the elevated attraction to food odor to normal level ( Figure 4C ). Conversely, activating MIP neurons made flies show moderate but significant avoidance to food odors ( Figure 4D ), producing a characteristic anorexic symptom.
The hallmark of satiation is blunted sensitivity to food tastes, particularly to sugars [27, 28] . In flies, the gustatory sensitivity to food can be measured by monitoring the proboscis extension response (PER) [29] , of which frequency decreases proportionally as degrees of satiety increase. Indeed, we observed that wild-type (WT) flies exhibited weak PER to 10% (292 mM) sucrose solution under ad libitum condition, but PER gradually increased, reaching a maximal level at 18 hr starvation (Figure 4E) . To test whether the activity of MIP neurons is linked to the state of satiety, we compared PER upon suppressing or enhancing MIP activity in high-(0 hr starved) and low-satiety (18 hr starved) conditions. Remarkably, satiated MIP>TNT flies exhibited significantly increased PER, as if they were starved, compared to MIP>impTNT controls ( Figure 4F ). However, this effect was not present when these flies were starved for 18 hr, likely due to a ceiling effect ( Figure 4F , the third and fourth bar). Likewise, mip mutants also showed elevated PER regardless of previous feeding experience, and restoring mip expression in the mutants rescued the PER phenotype ( Figure 4G) . Conversely, starved MIP>TRPA1 flies at 30 C exhibited markedly reduced PER compared to controls ( Figure 4H ). The elevated PER or suppressed PER caused by altered MIP neuron activities was tightly associated with increase or decrease of food intake (Movies S1 and S2). Previous studies have indicated that feeding behaviors are regulated by peptidergic modulation of olfaction and gustation [28, [30] [31] [32] [33] [34] . Because MIP pathway appears to modulate behavioral responses toward food smell and tastes, we explored a Table S2 ). (F) % increase in BW of flies with indicated genotypes. n = 6. ***p < 0.0005 by two-way ANOVA Bonferroni post-test. (G and H) Confocal images of the brain expressing MIP>mCD8GFP without (G) and with Cha-GAL80 (H) detected with GFP (green) and anti-nc82 antibody (magenta; see Figure S2F and Table S2 possibility that MIP modulates peripheral sensitivities to food. In support, we observed that the ab3A olfactory receptor neurons of MIP>TNT flies were significantly more sensitive to the common food odor ethyl butyrate than controls ( Figure S3A) . Moreover, the hyperphagic phenotype of MIP>TNT was manifested selectively on sweet substances (sucrose and arabinose), Figure S3B and Movies S1 and S2). n = 10 (F), 22 (G), and 12 (H). but not on non-sweet substances (sorbitol and water alone; Figure S3B ). Here, we revealed a central function of MIP and MIP neurons as an anorexigenic pathway that sets states of satiety and a constant BW. In mammals, anorexigenic pro-opiomelanocortin (POMC) pathway regulates both feeding activity and BW homeostasis [35, 36] . Unlike POMC system in mammals and MIP system in this study, some known anorexigenic neural pathways in Drosophila appear dispensable for BW homeostasis [37, 38] . An earlier study hinted the presence of a POMC-like system in Drosophila, of which activity affects both feeding and BW; blockade of c673a-GAL4 neural population results in increase of feeding activity and fat storage [39] . Thus, it would be interesting to test whether our MIP system and the c673a-GAL4 pathway interact to regulate BW. 
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